The excellent mechanical, electrical, thermal, optical properties and high specific surface area of graphene, and manipulation of these properties via chemical functionalization/surface modification makes it rapid growing field in material science. High-quality graphene materials and their composites with several structures such as metal-organic frameworks, polymers, biomaterials, organic crystals, and inorganic nanostructures, are used in various emerging fields. The development of efficient methods for the preparation[@b1][@b2][@b3][@b4][@b5] of these materials has received a lot of interest due to their potential applications. Several synthetic approaches are reported such as chemical vapor deposition (CVD)[@b5][@b6][@b7], micromechanical exfoliation[@b4][@b5], and epitaxial growth on SiC[@b3][@b4], solution route wet chemical exfoliation[@b4][@b8], sonochemical liquid-phase exfoliation[@b4][@b9], and volatile agents promote intercalation-expansion[@b1][@b3]. Solution processing[@b1][@b2][@b3][@b4][@b9][@b10][@b11][@b12][@b13] is of interest due to low cost and environmental friendliness. Recently, the direct electrochemical exfoliation of graphite into low-defect graphene nanosheets has been reported. Several electrolytes, such as ionic liquids[@b14][@b15][@b16], acids[@b17][@b18][@b19][@b20], and high-temperature (600°C) molten salts[@b21] have been used. The intercalation of Li ions in propylene carbonate electrolyte followed by either prolonged (\>10 h) sonication[@b22] or tetra-*n*-butyl ammonium-assisted electrochemical activation[@b23] has been reported. Alanyalıoglu et al. presented a method[@b24] that use sodium dodecyl sulfate as the intercalation agent for the synthesis of graphene sheets with a controlled thickness. Zhou et al.[@b25] studied the synthesis of few-layer graphene using Na^+^/dimethylsulfoxide complexes as intercalation agents and the subsequent addition of thionin acetate for exfoliation. They have proposed that, these electrochemical exfoliation methods have several advantages, including easy processing of graphene and functionalized graphene. However, these methods have major shortcomings, including the requirement of strong (non-soft) chemicals such as ionic liquids and/or hazardous reagents such as phosphoric acid, lithium perchlorate, and 3-(aminopropyl) triethoxy silane, additional steps, high voltages, low quality, and multilayer graphene formation.

The rapid exfoliation of graphite powder using a mixture of chlorosulfonic acid (CSA) and H~2~O~2~ for the synthesis of few-layer graphene has also been reported[@b26] by Lu et al. However, the usage of large quantities of CSA (6 mL) and H~2~O~2~ (3 mL) for only 50 mg of graphite exfoliation is a major drawback. The formation of HCl fumes via the exothermic reaction of CSA with H~2~O~2~ further complicates the process. Additionally, CSA is a hazardous[@b27] compound and thus highly incompatible with health and environmental standards. Sole CSA solution requires prolonged (12 h) centrifugation for graphene formation via graphite exfoliation[@b28].

Considering the disadvantages of all these approaches, the present study proposes a process that allows the electrochemical exfoliation of graphite by using a significantly lower toxicity NaOH[@b29]. The NaOH-induced electrochemical reduction[@b30] of preformed oxygen functional groups of graphene is an additional benefit. H~2~O~2~ has selected to go along with NaOH in the exfoliation process due to its remarkable advantages, such as low cost, environmental-friendliness[@b31], versatility, selectivity, wide availability, safety, and effectiveness as a reagent. The present study thus developed a promising facile soft processing[@b32][@b33][@b34][@b35] approach that uses NaOH/H~2~O~2~/H~2~O mild[@b36][@b37] system for the electrochemical exfoliation of graphite. A systematic study on the efficiency of the exfoliation process, the quality of processed graphene, and the stability of dispersed solutions was conducted. These materials are characterized and a possible exfoliation mechanism is proposed.

Results
=======

A schematic illustration of the experimental setup is shown in [Figure 1a](#f1){ref-type="fig"}. The setup consists of a graphite anode placed parallel to the platinum cathode with 5 cm distance. An efficient exfoliation of graphite in presence of H~2~O~2~ was observed ([Figure 1b](#f1){ref-type="fig"}). The optimal exfoliation conditions were determined to be 3.0 M NaOH (aq), 130 mM H~2~O~2~, and a working bias voltage of 1 V for 10 min and 3 V for 10 min at room temperature ([Table S1, Supplementary Information (SI)](#s1){ref-type="supplementary-material"}). Under these conditions, high-quality anodic few-layer graphene (AFLG) is obtained in 95% yield with 3--6 layers (\~1--2 nm thickness platelets). However after centrifugal wash-out of large platelets, almost tri-layer AFLG was obtained with 58% yield. On the other hand, very low quantities of graphene formed in the absence of H~2~O~2~ ([Table S1, SI](#s1){ref-type="supplementary-material"}). [Figure 1c](#f1){ref-type="fig"} shows a photograph of exfoliated AFLG nanosheets directly in electrolyte solution (I) and dispersed in dimethyl formamide (II) after purification (see experiments section). The purification (wash-out) of such a strong base species is rather easy to compare with other chemicals like ionic-liquids, organic electrolytes. Stable dispersion of AFLG in dimethyl formamide was found over a period of one month. To study the exfoliation trends at the cathode, the graphite anode was replaced with graphite cathode, but no exfoliation was observed. It reveals anodic exfoliation to be essential in our experiments.

Raman spectroscopy is a fast and non-destructive technique for the structural investigation of carbon nanomaterials, specifically for determining defects and ordered/disordered structures of graphene. The intensity ratio of the D band to the G band (*I*~D~/*I*~G~) is generally accepted as representative of the defect/disordered carbon structure[@b38][@b39]. The Raman spectrum (excitation with a 633 nm laser) of graphite indicates the presence of the D band (disorder mode) at 1337 cm^−1^ and a small D′ shoulder band at around 1621 cm^−1^, related to the disorder of edge carbons ([Figure 2](#f2){ref-type="fig"}). The G band (at 1581 cm^−1^) is a doubly degenerate (TO and LO) phonon mode (E2g symmetry) related to ordered in-plane sp^2^ carbon atoms. The intense 2D band at 2664 cm^−1^ originates from a two-phonon double resonance. The Raman measurements of AFLG show a slight shift of all bands (D band at 1338 cm^−1^, D′ shoulder band at 1615 cm^−1^, G band at 1578 cm^−1^ and 2D band at 2668 cm^−1^). The measured *I*~D~/*I*~G~ values of graphite and AFLG are 0.54 and 0.67 respectively. Increasing the *I*~D~/*I*~G~ value of AFLG suggests that the oxidation of graphite introduces a few oxygen functional groups during the exfoliation process and thus causes a partial disorder at carbon edges. Insertion of oxygen functional groups into AFLG was further evidenced by X-ray photoelectron spectroscopy (XPS) studies as described in the later stages. Those Raman studies demonstrate our products AFLG are quite similar to those prepared in ionic liquid using 15 V as reported in the literature[@b14]. High-quality AFLG was produced using our method even at low operational voltage under mild conditions.

Transmission electron microscopy (TEM) images of exfoliated AFLG are shown in [Figure 3](#f3){ref-type="fig"}. A low-magnification TEM image of an AFLG nanosheet on lacy_carbon is shown in [Figure 3a](#f3){ref-type="fig"}. The selected area image from [Figure 3b](#f3){ref-type="fig"} is shown in [Figure 3c](#f3){ref-type="fig"}, which reveals the defect-free areas of graphene. High-resolution TEM (HR-TEM) analysis of AFLG indicates the presence of large π-network domains. The corresponding hexagonal carbon lattice patterns of the electron diffraction reveal the presence of sp^2^-bonded carbon frameworks with few defects ([Figure 3d](#f3){ref-type="fig"}). A systematic investigation on the statistical distribution of the graphene sheet layers was conducted via careful examination of large number of TEM micrographs obtained from HR-TEM. The data reveals that the as prepared AFLG (before centrifugal wash-out of large platelets) consists of few-layer graphene such as 55% tri-layered graphene sheets, 25% four-layered graphene sheets, 15% five-layered graphene sheets and 5% six-layered graphene sheets ([Figures 3e and 3f](#f3){ref-type="fig"}; [Figure S2, SI](#s1){ref-type="supplementary-material"}). After centrifugal wash-out of large platelets, almost tri-layer AFLG is observed. The measured lattice spacing is about 0.35 nm, which is consistent with that reported in the literature[@b14] and indicates the insertion of fewer oxygen functional groups during the exfoliation process. The symmetric 2D band (2668 cm^−1^) of AFLG in the Raman spectrum implies the presence of few-layer graphene[@b40]. Thus, the atomic structure of π-network domains and the nanoscale morphology of AFLG were analyzed.

The nature of carbon, oxygen bonds, and the level of oxygen introduced into the exfoliated AFLG were analyzed using XPS ([Figure 4](#f4){ref-type="fig"}). The wide-scan XPS spectra of graphite and AFLG confirm the presence of carbon and oxygen ([Figure 4a](#f4){ref-type="fig"}). The carbon to oxygen ratio (C/O) of starting graphite was 98.5:1.5. During the electrochemical exfoliation of AFLG, a low quantity of oxygen functional groups was inserted (C/O = 94.5:5.5). The C1s core levels of graphite and AFLG were analyzed and numerically fitted with Gaussian functions. The C1s spectra of both samples are asymmetric, further indicating that both samples contained oxygen functional groups.

The slightly varied C1s band intensities of graphite ([Figure 4b](#f4){ref-type="fig"}) and AFLG ([Figure 4c](#f4){ref-type="fig"}) indicate that only few oxygen functional groups were inserted during the exfoliation process. The C1s spectra of graphite and AFLG suggest that the bands corresponding to graphitic carbon (C-C) bonds and C-OH bonds of AFLG are almost identical to those of the graphite sample (located at 284.8 eV and 285.9 eV, respectively), which is consistent with values reported in the literature[@b41][@b42][@b43]. These results suggest the highly graphene nature of AFLG. Thus, the different structures and composition of graphite and AFLG were confirmed.

The Fourier transform infrared (FT-IR) spectra ([Figure 4d](#f4){ref-type="fig"}) of graphite and AFLG show peaks at around 1000 cm^−1^ (C-O stretching), 1400 cm^−1^ (CO-H bending), 3342 cm^−1^ (CO-H stretching), and 1584 cm^−1^ (C = C stretching), corresponding to the hydroxyl functional group[@b44] and π-network domains respectively. The similar intensities in both the spectra indicate that a very small quantity of the oxygen functional groups was inserted into AFLG during the exfoliation process. The FT-IR results are in good agreement with the XPS results. Additionally, cyclic voltammetry ([Figure S3, SI](#s1){ref-type="supplementary-material"}), thermo gravimetric analysis ([Figure S4, SI](#s1){ref-type="supplementary-material"}) studies of AFLG proved that it is essentially graphene, not graphene oxide.

Discussion
==========

The exfoliation mechanism was examined to understand the role of H~2~O~2~ in the electrochemical exfoliation process. A possible exfoliation mechanism based on the experimental results and published literature[@b14][@b30][@b45] is proposed. A schematic representation of the proposed electrochemical exfoliation mechanism is shown in [Figure 5](#f5){ref-type="fig"}.The aqueous solution of NaOH, which contains HO^−^ ions, reacts with H~2~O~2~ to form highly nucleophilic O~2~^2−^ ions[@b46][@b47].Thus, O~2~^2−^ ions can intercalate into graphite sheets to form graphene layers (AFLG) by exfoliation. Similar intercalation of O~2~^2−^ ions into graphite has been reported in previous papers[@b48][@b49], where sodium metal in presence of oxygen was used to prepare O~2~^2−^ ions. Obviously, using sodium metal is dangerous.Electrochemical potentials (electric field force) assist the exfoliation, which is supported by the literature[@b15]. The potential also helps anodic reactions. Thus, the properties of exfoliated graphene can be controlled by changing the potential[@b50].Additionally, hydroxyl (^.^OH) and oxygen (^.^O) radicals may be generated from the anodic oxidation[@b14] of water.Radicals are powerful, highly reactive, and non-selective chemical oxidants[@b51]. Thus, the oxidation of graphite edge planes by radicals opens up the edge sheets, facilitating the intercalation of HO^−^ and O~2~^2−^ ions, and subsequently promotes depolarization and the subsequent, expansion of the graphite anode[@b52][@b53].

In the absence of H~2~O~2~, the low-nucleophilicity HO^−^ ions do not effectively intercalate and/or have poor interactions with graphite domains even under harsh conditions (5 V, 25 min). The resulting weak expansion of graphite sheets gives poor yields. In the presence of H~2~O~2~, even under mild reaction conditions (1 V for 10 min, then 3 V for 10 min), an efficient exfoliation of graphite was observed. Thus, H~2~O~2~ plays a crucial role in the electrochemical exfoliation of graphite. It is believed that the proposed mechanism is useful for controlling/manipulating the properties of exfoliated graphene. A systematic analysis and comparison study proves that the proposed method is superior over reported methods (see [Table S2, S3, SI](#s1){ref-type="supplementary-material"} for more discussion).

In conclusion, the proposed method has a significant number of advantages over reported methods for the synthesis of AFLG, including (a) simple reaction set up, (b) ambient reaction conditions, (c) easy operational procedure, (d) an efficient (effective exfoliation and inhibition of graphene sheets restacking), facile (low operating voltage 1 V for 10 min, then 3 V for 10 min), and fast (20 min) approach, (e) low concentration/cheap reagents (and thus low cost) of reagents, (f) single-step, environmentally-friendly and mild (relatively mild reagents), soft processing approach, (g) NaOH-induced reduction of preformed oxygen functional groups, and (h) stable dispersions of high-quality few-layer graphene nanosheets, (i) possible to use cheaper graphite sources such as graphite powders and graphite flakes. A reasonable exfoliation mechanism for the synthesis of AFLG that considers the crucial role of hydrogen peroxide was proposed. The present method is an excellent choice for graphene material synthesis. Moreover it will provide fabrication of graphene ink with an additional easy purification step. They are significant advantageous for future applications.

Methods
=======

Experiments
-----------

All other chemicals were purchased from Sigma-Aldrich and used directly without further purification. High purity graphite rods (99.9995%, 6.15 mm diameter, 152 mm length) were purchased from the Alfa Aesar. All solvents used in this study were HPLC grade. Aqueous solutions were purified with Milli-Q water (\>18.2 MΩ) from a Roda purification system (Te Chen Co. Ltd). In the electrochemical experiments, graphite rod was inserted as anode into the electrolytic solution, placed parallel to the Pt sheet as counter-electrode with 5 cm separation. A regulated DC power supply potentiostat system (TES-6200, USA) was used to maintain different static potentials (1.0--10 V) between two electrodes. All experiments were performed at ambient reaction conditions. In our experiments, different quantities of NaOH was dissolved in water (75 ml), then added different quantity of H~2~O~2~ ([Table S1](#s1){ref-type="supplementary-material"}). After appropriate time, corrosion of the graphite anode and subsequent dispersion of black precipitate in electrolyte solution was gradually observed. The precipitate was collected from the electrochemical cell. To prepare AFLG sheet suspension, the exfoliated graphene sheets were collected by using 100 nm porous filters, washed with excess of DI water, diluted HCl, DI water, then with ethanol by vacuum filtration and dried in oven for 2 h at 60°C under vacuum. The dry sheets were dispersed into dimethyl formamide by gentle water-bath sonication over 10 min. The resulted supernatant suspension was used for further characterizations.

Characterizations
-----------------

The nanostructure and surface morphology of exfoliated AFLG was investigated by HR-TEM (JEOL, JSM 2100F) at an acceleration voltage of 200 kV. The XPS measurements of graphite, AFLG, were conducted (PHI Quantera SXM ULVAC Inc., Kanagawa, Japan) to analyze the binding energies of carbon, oxygen. The Raman spectra were recorded by a confocal micro-Raman spectrometer (Renishaw inVia) with an argon ion laser at an excitation wavelength of 633 nm and 8 mW/cm^2^ laser power. The Si peak at 520 cm^−1^ was used as reference for wavenumber calibration. FT-IR spectroscopy with a range of 400 to 4000 cm^−1^ was carried on a VERTEX 70 Fourier transforms infrared spectrometer (Bruker, Germany) using KBr disc method. The cyclic voltammetry experiments were conducted using an Eco Chemie Autolab potentiostat/galvanostat. Thermo gravimmetric analysis (Perkin-Elmer TGA 7) experiments were conducted from ambient temperature to 500°C with a heating rate 10°C/min under nitrogen atmosphere. The samples for TEM analysis was prepared by drop-casting on lacy carbon-coated Cu grid and dried at 60°C for 30 min. Raman spectroscopy and XPS analysis samples were prepared by deposition of re-dispersed sample onto a glass substrate. The XPS analysis was conducted using pre-sputtered samples.
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![Electrochemical exfoliation process.\
(a) diagram of experimental setup (b) efficiency of exfoliation versus hydrogen peroxide molarity and (c) photograph of exfoliated AFLG directly in electrolyte solution (I) and dispersed in dimethyl formamide (II) after purification.](srep04237-f1){#f1}

![Raman spectrum of (a) graphite and (b) exfoliated AFLG, indicating high-quality, few-layer graphene.](srep04237-f2){#f2}

![TEM characterizations.\
(a) low-magnification TEM image of AFLG nanosheet on lacy_carbon; (b) HR-TEM image of AFLG; (c) selected area image from (b) which contains defect-free areas of graphene; (d) corresponding selected area electron diffraction pattern of carbon lattice; (e) HR-TEM image of tri-layer graphene, (f) distribution of the number of graphene sheet layers before centrifugation.](srep04237-f3){#f3}

![XPS characterizations.\
(a) wide-scan XPS spectra of (i) graphite and (ii) AFLG.C1s XPS spectra of (b) graphite and (c) exfoliated AFLG, (d) FT-IR spectra of (1) graphite and (2) AFLG.](srep04237-f4){#f4}
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